ABSTRACT: Understanding the feedbacks between water, sediment, and vegetation in deltas is an important part of understanding deltas as ecomorphodynamic systems. We conducted a set of laboratory experiments using alfalfa (Medicago sativa) as a proxy for delta vegetation to investigate: (1) the effects of plants on delta growth and channel network formation; and (2) the timescales controlling delta evolution in the presence of plants. Experiments were conducted with fluctuating discharge (i.e. flood and base flow periods) and variable seeding densities. We found that when deltas were small, channels had no memory across flood cycles, as floods could completely fill the incised channel network. When deltas were large, the larger channel volume could remain underfilled to keep channel memory. Plant patches also helped to increase the number of channels and make a more distributive network. Patchiness increased over time to continually aid in bifurcation, but as vegetation cover and patch sizes increased, patches began to merge. Larger patches blocked the flow to enhance topset deposition and channel filling, even for the case of large deltas with a high channel volume. We conclude that both plant patchiness and delta size affect the development of the channel network, and we hypothesize that their influences are manifested through two competing timescales. The first timescale, T v , defines the time when the delta is large enough for channels to have memory (i.e. remain underfilled), and the second, T p , defines the time when vegetation patches merge, amplifying deposition and blocking channels. When run time is between these two timescales, the delta can develop a persistent distributary network of channels aided by bifurcation around plant patches, but once T p is reached, the channel network can again be destroyed by vegetation.
Introduction
River deltas are especially susceptible to rapid rates of landscape change, as rates of sea level rise and subsidence continue to increase (Day et al., 2007; Tornqvist et al., 2008; Blum and Roberts, 2009; Paola et al., 2011; Moffett et al., 2015) . Louisiana, which is home to much of the Mississippi River Delta, has lost nearly a third of its land area in the past 500 years (Paola et al., 2011 ). Louisiana's Coastal Master Plan involves numerous projects to design and implement river diversions that siphon water and sediment from the Mississippi River into neighboring bays in an attempt to build new land on the delta plain (Paola et al., 2011; Coastal Protection and Restoration Authority, 2012) . The success of these projects depends on our understanding of delta dynamics and the factors controlling rates of land growth both horizontally and vertically. Kim et al. (2009) predicted that diversions may be able to build up to 1200 km 2 of land in 100 years, but the model does not account for the effects of vegetation on mineral sediment deposition. Plants may be able to retain fine material (Furukawa et al., 1997; Osterkamp and Hupp, 2010; Choi and Harvey, 2014; Griffin et al., 2014) that is often lost to the surrounding bay, but dense vegetation can reduce sediment deposition (Bai and Duan, 2014) by confining flow and routing sediment past the delta shoreline (Nardin and Edmonds, 2014) . The goal of this study was to examine the effects of vegetation on channel network development that controls the patterns of sediment transport in a prograding delta.
Vegetation exerts a strong control on sediment transport and landscape evolution at a broad range of scales (Gurnell, 2014) . Plants themselves can increase vertical aggradation rates by depositing organic sediment (Morris et al., 2002; Larsen et al., 2007; Mudd et al., 2009; Lorenzo-Trueba et al., 2012) . Belowground, plant roots increase the shear strength of sediment (Thornes, 1990; Simon and Collison, 2002; Micheli and Kirchner, 2002b) , thereby inhibiting erosion (Camporeale et al., 2013; Bai and Duan, 2014) and channel migration (Gran and Paola, 2001; Micheli and Kirchner, 2002a; Paola, 2007, 2010; Jansen and Nanson, 2010; Camporeale et al., 2013) , although plants in tidal marshes have been shown to induce channel initiation (Temmerman et al., 2007) . Aboveground, plants may directly capture fine particles (Palmer et al., 2004; Li and Yang, 2009; Peruzzo et al., 2013) or exert additional drag on the flow (Nepf, 1999; Lightbody and Nepf, 2006; Luhar et al., 2008; Tanino and Nepf, 2008; Chen et al., 2012; Zong and Nepf, 2012; Bouma et al., 2013; Le Bouteiller and Venditti, 2014; Marjoribanks et al., 2014 ) that results in deposition in or around patches of vegetation (Furukawa et al., 1997; Larsen et al., 2007; Nepf, 2010, 2011; Bertoldi et al., 2011; Chen et al., 2012; Follett and Nepf, 2012; Nepf, 2012a Nepf, , 2012b Yager and Schmeeckle, 2013; Le Bouteiller and Venditti, 2014) .
The effects of the stems on the flow are dependent on stem diameter and density, as well as flow conditions (Nepf, 1999 (Nepf, , 2012a (Nepf, , 2012b White and Nepf, 2003; Luhar et al., 2008; Tanino and Nepf, 2008; Larsen et al., 2009; Zong and Nepf, 2010; Chen et al., 2012; Follett and Nepf, 2012; Siniscalchi and Nikora, 2012; Yager and Schmeeckle, 2013; Yang et al., 2015) . Very dense vegetation has been shown to sufficiently damp turbulence to promote deposition (Nepf, 1999 (Nepf, , 2012b Nepf, 2010, 2011) , but turbulence and deposition are also functions of the local spatial distribution of vegetation, which tends to be non-uniform in nature (Jansen and Nanson, 2010; Neary et al., 2012; Kleinhans et al., 2015) .
Recent studies have begun to examine vegetation in finite patches to determine how flow diverts around and/or penetrates a patch of vegetation, resulting in various downstream flow patterns (Zong and Nepf, 2010 Chen et al., 2012; Follett and Nepf, 2012; Bouma et al., 2013; Ortiz et al., 2013; Kim et al., 2015) . A single patch of vegetation typically causes a delay in the onset of turbulence development behind the patch, thus creating a quiescent wake in which sediment can be more easily deposited (Chen et al., 2012; Follett and Nepf, 2012; Zong and Nepf, 2012; Ortiz et al., 2013) . As the flow blockage increases, the velocity exiting the patch decreases, creating the wake (Chen et al., 2012) . Deposition is typically limited to the region behind the patch (Chen et al., 2012; Ortiz et al., 2013) , where both mean velocity and turbulent kinetic energy are damped (Follett and Nepf, 2012; Ortiz et al., 2013) . This highlights the importance of considering both vegetation density and patch size in determining patterns of sediment deposition, as flow blockage is a function of both stem density and patch diameter (Chen et al., 2012) .
Interactions between neighboring patches of vegetation are an important factor in patterns of sediment deposition, especially in wetland and deltaic environments where isolated patches of vegetation may be rare. Patches oriented in a streamwise direction versus a cross-stream direction will also have different interactions, all of which are dependent on patch size and spacing (Vandenbruwaene et al., 2011; Kaplan et al., 2012; Meire et al., 2014; de Lima et al., 2015) . Laterally adjacent patches enhance the velocity between the patches, resulting in increased deposition downstream at a distance set by patch spacing (Meire et al., 2014) . Flow acceleration between neighboring patches increases as patch width relative to patch spacing increases, thus narrowing the flow (Vandenbruwaene et al., 2011) . Flow interactions between patches can greatly enhance sediment deposition, unless patches are so widely spaced that they behave as isolated individual patches (de Lima et al., 2015) . Thus, patch size relative to patch spacing exerts a strong control on flow interactions and the resulting effects on sediment deposition.
The studies mentioned above examined the hydro-and/or morphodynamics surrounding an individual plant patch or a few neighboring patches. Several studies of larger scale landscape dynamics have begun to incorporate vegetation feedbacks with landscape development Paola, 2007, 2010; Braudrick et al., 2009; Van Dijk et al., 2013; Piliouras et al., 2017) , but these studies often ignore the spatial variability (i.e. patchiness) in vegetation that can influence both channel development and sedimentation patterns. On a delta, the patterns of erosion and deposition are strongly controlled by the channel network. It is therefore important to consider how the channel network may influence patch development and how plant patchiness can influence larger scale morphodynamics.
Physical delta experiments often do not contain cohesion and are therefore either typically braided systems with several small, highly mobile channels (Kim et al., 2006a) or singlechannel systems that repeatedly avulse and channelize in the same few areas (Reitz et al., 2010) . In these experiments, channel and delta dynamics are driven by the avulsion timescale (i.e. the time it takes to fill a channel and cut a new channel elsewhere on the topset), or the timescales of external forcing (e.g. sea level change, tectonics, or sediment supply), if present and applied with a longer time than the avulsion timescale (Kim et al., 2006a (Kim et al., , 2006b (Kim et al., , 2010 Powell et al., 2012; Straub and Wang, 2013; Kopp and Kim, 2015) . The avulsion cycle reworks the delta topset and consists of channel cutting, migration, backfilling, and sheet flow, before cutting a new channel. It is the timescale of this cycle that drives large-scale delta morphodynamics (Kim and Jerolmack, 2008; van Dijk et al., 2009 van Dijk et al., , 2012 .
The length of the avulsion timescale is a function of channel size and sediment discharge, as the incoming sediment must fill the vacant channel volume in order for the channel to avulse. Channel width and depth are set by water and sediment discharges (Parker et al., 2007) , and channel length is a function of time as the delta progrades (Reitz et al., 2010) . The avulsion timescale therefore increases over time as channel length increases and all other variables remain relatively constant (Reitz et al., 2010) . This cycle can be altered by vegetation that can enhance channelization through increased bank cohesion (Thornes, 1990; Micheli and Kirchner, 2002b; Paola, 2007, 2010) , bifurcate flow into more, smaller channels (Coulthard, 2005; van Dijk et al., 2013; Piliouras et al., 2017) , or enhance sedimentation by extracting momentum from the flow (Nepf, 1999 (Nepf, , 2012a (Nepf, , 2012b Venditti, 2014, 2015; Piliouras et al., 2017) , as discussed above. It is therefore important to understand the channel-forming processes in vegetated deltas and how they differ from those in unvegetated deltas, as well as the timescales that control or influence the channel network formation in the presence of plants (Paola, 2001; Gran et al., 2015) . We therefore seek to determine the conditions in which channels can be best maintained on a vegetated delta and the relevant timescales that control channel network development. Here we analyze a series of delta experiments with vegetation to determine: (1) how vegetation changes channel characteristics; and (2) the relevant timescales controlling channel network development. We hypothesize that: (1) an increase in the number of plant patches will increase bifurcations to increase the number of channels and form a distributary network; (2) an increase in vegetation density and patch size will inhibit channelization by reducing rates of sediment transport; and (3) the timescales for channel development will be influenced by plant density and channel size, as increasing delta size causes an increase in channel volume and subsequent avulsion timescales (Reitz et al., 2010) .
Methods

Experimental methods
Experiments were conducted in the experimental delta dynamics (EDDy) basin at the University of Texas at Austin (Figure 1 ). We placed a plywood feeder channel that was 9 cm wide on 260 A. PILIOURAS AND W. KIM top of a flat aluminum platform within the basin to create a uniform surface onto which we could build a delta. The feeder channel width was exactly the same as the diameter of the rock cage used to diffuse the flow entering the channel. Water and sediment were mixed in a funnel outside the basin and fed into the channel through the rock cage. The water depth over the platform was 2 cm and water was dyed red to maximize contrast between channels and plants on the deltas. Water was recirculated within the basin throughout the experiments. We used a mixture of 70% sand (D 50 = 170 μm) and 30% silt (D 50 = 45 μm) by volume, both of which were white silica. Experimental parameters can be found in Table I . Discharge in the experiments cycled between floods and base flow to maximize channel relief (Shaw and Mohrig, 2014) and maintain unvegetated flow paths (Piliouras et al., 2017) . Previous research indicates that vegetation can enhance channel in-filling and completely inhibit the incision of new channels if vegetation cover is sufficiently high. Discharge fluctuations help to rework the delta surface and preserve unvegetated surfaces that can later be occupied by channels (Piliouras et al., 2017) . Floods were 20 min long and had a water discharge of 0.1 L/s with a water-to-sediment discharge ratio of 100:1. Periods of base flow or 'interfloods' were 80 min long and had a water discharge of 0.05 L/s with no incoming sediment, as sediment discharge is typically very low during base flow conditions in natural deltas (Shaw and Mohrig, 2014) . This created a flood intermittency of 0.2. The short flooding time was chosen to minimize the sediment input that could potentially fill channels in an attempt to maintain channels across multiple flood cycles.
Before beginning the flood cycles, all deltas had an initial period of delta growth under flood conditions in order to build a sizable deposit. Runs 1-3 had an initial growth period of 90 min, while Runs 4-5 had an initial growth period of 300 min. This meant that Runs 4-5 had a larger initial delta compared with Runs 1-3. Runs 1 and 4 were unvegetated, while Runs 2, 3, and 5 were vegetated. 90 min was chosen for the smaller deltas, as this was the length of time it took to make deltas that were approximately 0.5 m in length, which is the length at which delta growth was no longer completely dominated by sheet flows and channels began to form. We chose 300 min for Runs 4 and 5, as this was the time required to build deltas~1 m in length, or twice the length of the smaller deltas.
Uniform seeding density of alfalfa (Medicago sativa) was approximately 1 seed/cm 2 for Run 2 and 0.5 seeds/cm 2 for Runs 3 and 5. Seeds were distributed manually with no flow during seeding. Uniform seeding occurred after the flood but immediately before the interflood, such that interflood channels could rework the topset surface and limit vegetation colonization (Piliouras et al., 2017) . There was no plant growth time between seeding and the start of the interflood. Run 3 had a lower uniform seeding density than Run 2, but it was supplemented by placing seeds on channel banks at the end of the interflood at an average spacing of 1 cm, with the intention of creating a gradient in vegetation density away from the channel and keeping the total amount of seeds on the topset roughly constant between Runs 2 and 3. However, channels created during the interflood periods widened during the subsequent floods due to the increased discharge, undercutting the banks and removing all new sprouts. Thus, vegetation density remained low in Run 3 and was only influenced by the uniformly distributed seeds that sprouted and were not present on channel banks. Run 5 was therefore seeded uniformly with 0.5 seeds/cm 2 for easy comparison with Run 3 but did not receive bank seeding, as bank plants did not influence channel evolution and were always removed by the floods. We did not conduct an experiment with dense seeding (as in Run 2) and a long initial growth time (as in Runs 4 and 5). Results from Piliouras et al. (2017) found that dense uniform seeding can often obstruct channel formation. Thus, we included Run 2 in this set of experiments as an end member case for seeding density. Hereafter, all experiments described within the text will be labelled according to their initial delta sizes (S = small, L = large) and their plant densities (NP = no plants, SP = sparse plants, DP = dense plants) (e.g. SDP indicates a small (S) initial delta with dense plants (DP)).
After the interflood period, plants were left to grow for 3 days with only groundwater input to the delta and grow lights around the basin, turned on from 5 am to 9 pm each day. At the end of the 3-day growing period, the next flood cycle began. This cycle (flood, uniform seeding, interflood, bank seeding if applicable, plant growing period) was repeated seven times for each experiment and ten times for Run 5 (LSP).
Data collection and analysis
During the experiments, overhead images were taken every 15 s during all flow conditions. We used images with a 5-min time interval for data analysis to capture variability within each flood and interflood. All images were first corrected for camera lens distortion and resized to 1 mm/pixel for easy calculations. Areas in the images that were basinward of the shoreline were then filled with black so that any noise in the basin did not distort color calculations and subsequent thresholding of the delta topset, examples of which can be seen in Figure 2 .
The topset area in each image was converted to white to create binary images to determine delta area (Figure 2(c) ). The wetted area (Figure 2(d) ) and vegetated area (Figure 2(g) ) were determined by subtracting the red and green channels from the topset images, respectively, and then thresholding the gray scale images. We used the binary images of the topset to calculate the shoreline position, approximated by the radius of a semicircle of equivalent area. Maps of wetted area were used to determine the locations and number of channels, and maps of vegetated area were used to find vegetation cover, vegetation patches, and patch sizes. From the time series of shoreline position, we calculated the progradation rate for each time step as the difference in average shoreline position over the 5-min period. We then calculated the average progradation rate during the flood and the average progradation rate during each cycle (one flood and one interflood) to determine how the relative rates of progradation changed over time as vegetation colonized the delta.
Vegetation cover was calculated as the number of pixels that were perceived as green (and therefore white in the binary image, Figure 2(g) ) over the number of pixels in the delta topset. Binary images of vegetation cover were then smoothed with a 5 mm × 5 mm box filter to remove any single isolated plants or noise and to better visualize spatial patterns of vegetation patchiness (Figure 2(h) ). Patches were counted as any groupings of white pixels larger than 1 cm 2 , as 1 cm was roughly the size of the smallest channels that could be detected in the wetted area images. This gave channels and patches the same minimum size. From the patch analysis, we then determined the number of patches larger than 1 cm 2 over the topset area and the mean and standard deviation of patch size at the start of each new flood cycle. Vegetation was introduced only once per cycle, such that the vegetation cover could not increase within a single flood cycle. We therefore use vegetation characteristics at the start of each cycle to characterize vegetation cover and patchiness within that cycle, so as not to detect changes in apparent vegetation cover due to delta progradation.
Using the binary wetted area (WA) images, we calculated the wetted fraction as the number of white pixels in the WA images divided by the number of pixels in the delta topset. We then smoothed the WA images with a 1 cm × 1 cm box filter to remove noise (Figure 2(e) ) and determined the number of channels along a line parallel to the shoreline at 2/3 the distance from the feeder channel to the shoreline (Figure 2(f) ). This allowed us to avoid any color bleeding near the shoreline, as well as avoiding the area close to the feeder channel that was frequently occupied by sheet flow before it split or channelized. We set a minimum channel width of 1 cm and a maximum width of 1/3 the length of the shoreline-parallel transect to avoid detecting sheet flows as channels.
Results
Shoreline behavior
As the deltas grew in size over time, their progradation slowed due to their increasing surface areas. Progradation rate also varied with discharge, where floods delivered sediment in a pulse to the delta front and interfloods gradually reworked the topset surface, resulting in slower progradation during interflood periods. Sediment was not fed to the system during interfloods, so all sediment delivered to the shoreline must be supplied by eroding the delta topset. Figure 3(a) shows the shoreline position within each flood cycle normalized by the shoreline position at the end of the initial growth period (90 minutes for Runs 1-3, 300 min for Runs 4-5). We normalized by the initial delta size to minimize differences from randomness in the initial growth period between experiments. Runs 1 (SNP) and 3 (SSP) had nearly identical progradation behaviors, despite the presence of vegetation in Run 3 (SSP) compared with Run 1 (SNP) without vegetation. This is probably due to the very low (< 5%) vegetation cover in Run 3 (SSP) (Figure 3 ), such that both experiments maintained the pulsing shoreline progradation over time.
Run 2 (SDP), on the other hand, had a higher vegetation cover and switched from pulsing shoreline growth to constant shoreline growth. This is probably the result of increased sediment trapping on the topset with dense vegetation and subsequent limited sediment delivery to the shoreline, especially during flood periods (Figure 3(a) ). This slowed the shoreline progradation rate during floods in Run 2 (SDP) over time. This behavior can also be seen in Figure 3(b) , where the flood progradation rate became roughly equal to the average cycle progradation rate starting in cycle 5 for Run 2 (SDP). All other experiments had a flood progradation rate that was more than twice the average cycle progradation rate, indicating strong pulses of progradation during floods throughout the experiments.
Runs 4 (LNP) and 5 (LSP) had a longer initial growth time and therefore larger initial deltas, resulting in the apparently slower relative shoreline progradation seen in Figure 3(a) . As in Runs 1 (SNP) and 3 (SSP), the floods still aided in rapid progradation of the delta for both the vegetated and unvegetated cases. Vegetation cover remained low in Run 5 (LSP) (Figure 3(c) ), therefore allowing for more rapid sediment delivery to the shoreline during floods (Figure 3(b) ). Figure 4 shows the shorelines for the start of the flood (yellow), end of the flood (green), and end of the interflood (blue) for cycle 5 for all experiments as an example of differences in progradation between experiments and between floods and interfloods. Runs 1 (SNP) (Figure 4(a) ) and 3 (SSP) (Figure 4(c) ) show a growth of the shoreline during the flood period, indicated by the gap between the yellow and green lines. Run 2 (SDP) (Figure 4(b) ) shows almost no shoreline growth during the flood, as the yellow and green lines are almost entirely overlapping. This indicates that the flood sediment was mostly deposited on the topset as opposed to being delivered to the shoreline through the channels to aid in progradation. Runs 4 (LNP) and 5 (LSP) (Figure 4(d) and (e), respectively) also show shoreline growth during the flood, but the larger delta size resulted in a smaller amount of progradation, as was seen in Figure 3 . All deltas showed progradation during the interflood (gap between green and blue lines). While the progradation appears substantial, the interflood is much longer in duration than the flood, such that the rate of progradation is slower during interfloods compared with floods.
Vegetation patchiness
The differences in the distribution of vegetation cover between Runs 2 (SDP), 3 (SSP), and 5 (LSP) can be seen in the vegetation maps in Figure 5 . The maps show the local vegetation density (averaged over 1 cm 2 ) on the topset for cycle 7, along with the boundaries of the wetted area from halfway through the corresponding interflood period outlined in blue. Green represents complete cover, while red represents low cover. Run 2 (SDP) had very dense vegetation around much of the delta, with few areas of patchier vegetation in between. Runs 3 (SSP) and 5 (LSP) had noticeably patchier vegetation that was sparser with many small patches. The channel outlines in Figure 5 also clearly show the differences in channel characteristics. Run 2 (SDP) had one large channel that split through a dense patch of vegetation, while Runs 3 (SSP) and 5 (LSP) had a spatially broader distribution of channels that were bifurcated more frequently by the patchier vegetation. Figure 6 shows the number of patches per area and the patch size as a function of both time and vegetation cover ( Figure 6 ). A. PILIOURAS AND W. KIM but leveled off around cycle 5, indicating that few new patches were being created and instead new patches were merging with previously established patches that grew in size (Figure 6(b) ). Run 2 (SDP) initially had more patches than Run 3 (SSP), but the number of patches per area was similar at the end of both experiments. The patches in Run 2 (SDP), however, were larger than the patches in Run 3 (SSP), indicating that the distribution of vegetation was different between the two experiments. Run 5 (LSP) also had an increasing number of patches but it did not plateau until cycles 8-9, so new patches were continually developing on the topset while existing patches also expanded for much of the experiment. This allowed for a higher number of patches on the delta topset that could aid in flow bifurcation. Differences in patchiness can also be seen in Figure 6 (c), which shows the number of patches per m 2 as a function of vegetation cover. Experiments all had similar amounts of vegetation on the topset in the early stages, but the distribution of the vegetation was different. When 5% of the topset was covered, Runs 2 (SDP) and 3 (SSP) had 40-60 patches/m 2 , while Run 5 (LSP) had~80 patches/m 2 , and the patches in Run 5 (LSP) were considerably smaller than those in Run 2 (SDP) (Figure 6(d) ). Examples of different levels of patchiness can be seen in Figure 7 . The right column of images is from the end of each experiment when patchiness was constant. A comparison of the middle (high patchiness) and right columns for Run 2 (SDP) shows that the spatial distribution of the vegetation patches is similar but that individual patches became bigger and denser over time. This indicates that newly established plants mostly joined pre-existing patches between the corresponding cycles. Runs 3 (SSP) and 5 (LSP), in contrast to Run 2 (SDP), instead show the development of new plant patches over time, in addition to existing patches becoming denser and larger.
Channel characteristics
The channel network controls the delivery of sediment to the shoreline and the ability of vegetation to establish on the topset. The vegetation in turn also alters the channel network. Here we 
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describe the evolution of the channel network with the time series of the wetted fraction and the number of channels (Figure 8 ). The wetted fraction time series shows the cyclic behavior of the experiments as they moved between periods of sheet flow that covered much of the delta and periods of channelization with considerably lower wetted fractions (Figure 8(a) ). This can also be seen in Figure 9 , which shows maps of flow occupation for cycle 5 floods and interfloods for all experiments. Green indicates areas that were always occupied by flow, red indicates infrequent occupation, and white indicates no occupation.
All experiments showed an increase in the wetted fraction at the start of the flood (Figure 8(a) ), as the higher flood discharge often could not be contained by the relatively smaller channels created by the lower interflood discharge. The maps of flow occupation ( Figure 9) show that much of the delta topset was covered in Runs 1-3 (smaller deltas) for the entirety of the flood, whereas Runs 4-5 (larger deltas) show constant occupation in the main channels with some spilling or overflowing to other areas for 50-70% of the flood duration. For Run 2 (SDP), the white areas on the topset correspond to the heavily vegetated areas seen in Figure 7 , which limited the detection of flow occupation beneath the vegetation canopy. The more sparse vegetation in Runs 3 (SSP) and 5 (LSP) allowed for better detection of all wetted areas. After the 20-min flood period, the wetted fraction tended to quickly drop during the interflood (Figure 8(a) ), as this period was dominated by incisional channels that slowly reworked the topset surface (Figure 9 ). The wetted fraction therefore exactly mimicked the imposed discharge fluctuations (Figure 8(c) ). This behavior was evident for all (Figure 8(b) ). Cyclic behavior in the number of channels was only evident in Run 5 (LSP), which also had more channels compared with the other experiments, indicating that both delta size and spatial vegetation distribution played a role in the structure of the channel network. The number of channels in Run 5 (LSP) increased starting in cycle 3, which was accompanied by a change in the behavior of the wetted fraction (Figure 8(a) ).
Discussion
Based on the results described in the above section, there were clear differences in the behavior of deltas with and without vegetation, as well as between the smaller (Runs 1-3) and larger (Runs 4-5) deltas. Run 2 (SDP) had a small initial delta and the highest seeding density, which we interpret to have caused a change in the progradational behavior in cycle 5 when the delta switched from pulsing shoreline growth to constant shoreline growth (Figure 3(a) ). We hypothesize that vegetation was able to dampen the effects of the imposed discharge fluctuations to create smooth shoreline progradation by enhancing topset deposition, as is expected for dense vegetation (Zong and Nepf, 2010; Chen et al., 2012; Follett and Nepf, 2012; Nepf, 2012a) . The timing of this switch coincided with the timing of the development of constant patchiness (Figure 6(a) ), where the number of patches plateaued as small patches merged to make larger patches. These larger patches may be able to block the flow, trap sediment, and mute the effects of the large floods that otherwise would deliver a large pulse of sediment to the shoreline.
We therefore hypothesize that the time to constant patchiness (T p ) is a strong control on vegetated delta growth and channel network establishment. This timescale represents the time at which vegetation significantly alters delta progradational behavior by enhancing sediment trapping and blocking channel flow paths. We hypothesize that T p is largely controlled by seeding density and delta size, where sparser seeding or larger initial delta size leads to a longer timescale T p . Denser seeding, as in Run 2 (SDP), increases the ability to create dense patches earlier that are difficult for channels to penetrate. The patches therefore tend to be maintained and become denser over time. Sparser seeding means that channels can bisect the patches, such that patches are initially smaller and more numerous. Once channels abandon an area, patches can begin to merge as the seeds are no longer removed by the flow. An initially larger delta size should also increase T p , as larger deltas have more expansive channel networks that can remove seeds from the delta surface and reorganize seeds into many smaller patches. A smaller delta, by contrast, may have fewer channels that divide the plants into fewer, larger patches that can occupy a larger fraction of the topset surface.
T p was also approached in Run 3 (SSP) at cycle 6 when relative flood progradation rate decreased, but the development of new small patches in the following cycle aided in increased bifurcation and sediment routing to prevent the switch to constant shoreline growth. In Run 5 (LSP), pulsing shoreline growth was maintained throughout most of the experiment as patchiness continually increased and flow was able to split around the numerous small patches. Large patches in Run 2 (SDP) blocked flow or steered channels, while small patches in Runs 3 (SSP) and 5 (LSP) allowed for channel bifurcation and delivery of sediment to the shoreline.
The evolution of the delta channels was a function of both delta size and vegetation distribution. For all experiments except for Run 5 (LSP), the wetted fraction changed with the imposed discharge fluctuations, indicating that there was little channel 'memory' across cycles. Channel memory describes 267 DELTA SIZE AND PLANT PATCHINESS CONTROL CHANNEL NETWORK ORGANIZATION a state in which channels remain underfilled and therefore have a topographic expression on the delta, such that they can easily accommodate flow and transport sediment without requiring incision (Reitz et al., 2010) . A lack of memory, as seen in Runs 2 (SDP) and 3 (SSP), means that channels were completely filled with sediment during floods and new channels were incised during interfloods (Figure 9 ) with no topographic influence from previous channels. In Run 5 (LSP), however, the number of channels and, consequently, the wetted fraction remained high throughout both the flood and interflood, indicating that the interflood channel network could not be completely filled by the subsequent flood, thus maintaining the channel network across multiple flood cycles. We believe this behavior to be similar to that of natural coastal deltas, as sediment supply is not high enough to completely fill in channels during seasonal floods. Maps of flow occupation for all interflood periods in Run 5 (LSP) can be seen in Figure 10 , illustrating channel network overlap between cycles.
Channel maintenance is dependent on channel volume relative to flood sediment volume, as channel volume represents the space available to transport and deposit sediment. If the channel volume V ch is greater than the sediment volume delivered during a flood V f , then the channels can remain underfilled and be maintained. This is based on the assumption that all sediment from the flood is deposited within the delta and not bypassed into the basin. Approximations of the Rouse number indicate that sand was transported as bedload or in partial suspension, while silt was likely fully suspended or washload. We observed no sand transport past the delta toe, and grain size samples (see Supporting Information) were found to be 23-35% silt. Given these values, and that the input sediment was 30% silt, we assumed that most of the silt was deposited within the system, probably in overbank transport where flow can rapidly decelerate to enhance settling. In the experiments, V f was constant for each run but V ch changed with time as the deltas grew. We call the time to reach this underfilled condition (V ch /V f > 1) the threshold volume timescale, T v , further explained below.
We can approximate the channel volume for each cycle as the wetted area multiplied by a mean channel depth. In this case, we used the cumulative wetted area through the previous interflood period, as this represents the area excavated during the entire interflood period that was then available to be filled by the subsequent flood. To approximate channel depth in the absence of topography data, we used the change in wetted area behavior in Run 5 (LSP) cycle 3 (i.e. the gradual decrease in wetted fraction during the interflood) as the marker for the initiation of channel underfilling. We can compare the flood volume with the channel volume and prescribe that the values are equal at the initiation of channel underfilling in cycle 3, such that
where the left side of (1) represents the flood volume V f and the right side represents the channel volume V ch , Q s is the sediment discharge during the flood (0.001 L/s), t flood is the flood duration (20 min), λ p is the porosity of the sediment (0.35), ∑WA is the cumulative wetted area (WA) throughout the interflood period in cycle 2, and h is the average channel depth. We can solve for the average channel depth that allows for channel volume from the interflood in cycle 2 to be equal to the flood sediment volume delivered during the flood in cycle 3, accounting for porosity in the deposit, and we use this channel depth (4 mm) as a constant throughout all runs. We measured some channel depths by hand at the end of the experiments, and measurements ranged from~2 mm for smaller channels to 1 cm for the main channel. We therefore believe 4 mm to be a decent approximation of an average channel depth for all runs, and we keep this mean channel depth constant for the remaining calculations to avoid introducing other uncertainties in the absence of topography data. The calculated channel volume V ch ¼ ∑WAÃh is shown in Figure 11 (b). The dashed gray line represents the flood volume V f (the left-hand side of Equation (1)). Channels can remain underfilled when channel volume is above the gray dashed line (i.e. when V ch /V f > 1). The larger deltas (Runs 4-5) had a large enough channel volume that channels could remain underfilled for almost the entirety of the experimental runs. Runs 1-3, on the other hand, were initially too small, such that channels could always be filled with sediment during the floods. As the deltas grew, channel volume increased but stayed roughly equal to the flood volume. Thus the smaller Runs 1-3 likely always had near complete erasure of channels from the floods, as shown in the flow maps ( Figure 9 ) and the wetted fraction behavior (Figure 11(a) ), and T v was roughly equal to the duration of the experiments for Runs 1-3.
Run 4 (LNP) also had a large channel volume, but it did not show the same wetted area and channel behavior as Run 5 (LSP) did, probably due to the absence of plants. Plants helped bifurcate the flow to increase the number of channels and more broadly distribute water and sediment across the topset to the shoreline in Run 5 (LSP), as was seen in Coulthard (2005) and van Dijk et al. (2013) . The absence of plants in Run 4 (LNP) meant that the channel dynamics were controlled entirely by internal autogenic behavior and the imposed discharge fluctuations. Channel incision and migration were not inhibited or aided by vegetation in Run 4 (LNP), so channel cutting and filling was cyclic and undisturbed (Kim and Paola, 2007; Kim and Jerolmack, 2008; van Dijk et al., 2009) .
Plant patchiness and channel volume influenced channel network formation, particularly in Run 5 (LSP). As the number of patches increased, channels bifurcated to distribute water and sediment across the delta surface, making a distributary network. As the delta grew, the channel volume increased such that channels could be maintained across multiple flood cycles. Once plant patches merged, the vegetation became an inhibitor for sediment delivery to the shoreline and instead accelerated topset deposition (Piliouras et al., 2017) . In a general sense, we suspect that if T p < T v , plants will always be an inhibitor to channel network formation, as was the case in Run 2 (SDP), since large dense patches impede channel incision and enhance topset deposition. However, if T v < T p , then there exists a period of time in which patchiness is high and increasing and the delta is sufficiently large that the channel network is created and maintained. Regardless of delta size, once patches begin to merge and the delta reaches a constant patchiness, flows can be obstructed and the channel network can be erased during each cycle. While riparian vegetation is often thought to stabilize river channels Paola, 2007, 2010) , dense vegetation in depositional systems (especially experimental deltas) has been shown to enhance topset deposition and inhibit channel incision (Piliouras et al., 2017) . Thus, the mere presence of plants does not ensure a stable channel network; rather the spatial patterns of vegetation and the channel cut-and-fill cycles influence the channel network development.
In coastal deltas, the sediment supply is typically not sufficiently high to fill a channel with sediment between seasonal floods, although there is some evidence of high deposition rates in the subaqueous channel tips (Shaw and Mohrig, 2014) . For the case of newly developing distributary networks, such as those in crevasse splays or diversions that may receive flow intermittently, the coevolution of a channel network and vegetation likely plays an important role in shaping the landscape. If the splay remains geomorphically dormant for a period of time, vegetation may be able to colonize a large portion of the new land surface, which can accelerate deposition and promote channel in-filling during subsequent flows. This may result in a deposit most similar to that in Run 2 (SDP), with large vegetated areas and few distinct channels, favoring aggradation over progradation. If instead a splay or diversion consistently receives water and continues to evolve topographically, vegetation colonization may be slower and restricted to more discrete patches, thus maintaining the channel network and promoting delivery of sediment to the shoreline.
Experimental limitations
It is important to note that the results and interpretations presented in this study are based on single experimental runs that were not replicated. While this is the standard in the experimental surface processes community due to the length of time required to run each experiment, we acknowledge that there is some level of uncertainty associated with basing conclusions on single runs. Thus, future work should assess the degree of variability in replicated experiments that arises from the stochastic nature of these experiments in order to separate intrinsic variability from signals generated in response to external drivers.
Conclusions
We conducted physical experiments of deltas with vegetation with variable seeding densities and delta sizes to determine the controls on channel network development in the presence of vegetation. Both plant patchiness and delta size affected the channel network. In deltas of all sizes, patchy vegetation helped bifurcate the flow to better distribute water and sediment across the topset. As vegetation increased, patches merged to make large dense patches that obstructed the flow and trapped sediment to dampen the effects of floods on shoreline progradation. This occurred at a timescale T p , which is the time to constant patchiness and is a function of seeding density. For times shorter than T p , vegetation can aid in channel network development, but once T p is reached, vegetation acts as an inhibitor to channelization.
Small deltas had a lower channel volume that could be easily filled by floods to erase channel memory, resulting in a rapid cycling of the wetted fraction that mimicked the imposed discharge fluctuations. The channel volume must be greater than the flood sediment volume for channels to remain underfilled, and the time for this condition to be met is described by our proposed threshold channel volume timescale T v . Run 5 (LSP) was the only experiment that had a period of time in which T v < t < T p (where t is run time), such that plants created a distributary network of channels that was maintained across multiple flow cycles. This was seen in the wetted fraction behavior where it deviated from the imposed discharge fluctuations. We therefore conclude that the development of the channel network on vegetated deltas is a function of plant patchiness and delta size, and the competition between the timescales for patchiness development and delta growth determines the maintenance or destruction of the channel network.
